The application of small angle neutron scattering in the study of thin magnetic layers used in perpendicular recording media has been demonstrated. The domain structure in these materials is characterized by the domain height perpendicular to the film and the domain width in the plane of the film. These quantities have been deduced from the two dimensional scattering pattern. The domain height is found from the momentum dependence of the anisotropy of the scattering where the film normal makes an angle of 0 degrees with the beam direction. The domain width in the plane of the film has been analysed from the scattering profile itself. In principle also angular variations of the domain orientation may be analysed from the momentum dependence of the anisotropy.
Introduction
Deposited films of CoCr on several substrates have been studied for applications in perpendicular recording. The magnetic domain structure in this kind of thin layers consists of domains in the bulk with their magnetization directed perpendicular to the plane of the film and an initial layer where the domain structure is unknown. The bulk domains are at first characterised by their height t perpendicular to the film and secondly by the domain width 6 in the plane of the film ( fig. 1 ). The precise domain structure and the magnetiza- tion reversal mechanism in these films are still unsolved problems and depend very strongly on the morphology of the layers. The most common techniques used to study the films are summarized below.
Magnetization measurements yield the coercive field and the hysteresis curve from which information about the average domain magnetization direction can be obtained. Transmission electron microscopy (TEM) [l] enables one to obtain a photographic picture of the surface and the cross section of the sample, showing clearly a crystalline columnar structure of the film. The magneto-optic Kerr effect [2, 3] yields both the magnetic domain structure and the magnetization hysteresis at the surface. The resolution of this method for measuring the domain size in the plane of the film is about 0.2 pm. More recently the neutron depolarization technique (NDT) [4, 5] has been introduced which enables one to determine the domain height together with the domain width in two orthogonal directions. The limitations of this last method are in the film thicknesses which can be studied, unless a large number of films in one packet is used. term&d from angular dependent measurement, this method is applied in principle to domain widths of 10 run and higher.
In this paper the application of small angle neutron scattering (SANS) will be discussed using samples with different magnetic history as a demonstration of the possibilities of this method. The next sections deal with a description of the experiments, a theoretical model to describe the results, the measuring results and a discussion.
Description of the experiment
For the experiments use is made of the small angle scattering instrument Dll of the ILL in Grenoble which enables one to use a neutron beam with angular divergence AB of 0.5 mrad and a neutron wavelength of 1.2 run, resulting in a momentum resolution AQ of 2TA8/h = 2.5 x 10m5 inn-'. The samples are successively positioned in the neutron beam according to fig. 2 . The cross section of the neutron beam was confined to a circular opening of 8 mm diameter for all of the samples except for the larger sample no. 1 which was measured with a square diaphragm of 1 cm2. The detector was positioned at a distance of 35 m behind the sample. The spatial resolution on the detector was 1 cm in both directions. The samples were rotated over various angles 0 around the vertical z-direction. At each angle 8 a two dimensional spectrum was measured. Table 1 summarizes the total number of experiments. The measured intensitites corrected for background scattering were normalized for the different sample diaphragms used. As a result the intensity profiles from the different samples could be compared also in absolute sense. Table 1 summarizes the specific properties of the samples investigated, the magnetic history and the angular settings at which intensity profiles were collected. Samples 1 and 3 were magnetized perpendicularly, sample 2 was demagnetized perpendicularly with an ac field, sample 4 magnetized parallel to the plane and the y direction of the reference system in the neutron scattering machine (see fig. 1 ). The as-sputtered sample 5 has never been exposed to a magnetic field. 
The integral is split into an integral over the domain height t and over the plane s of the film probed by the vector R. By rotating the film and the reference system over an angle 8 around the z-axis and remembering that in SANS the momentum transfer is always perpendicular to the initial neutron beam, it follows that Q, = QY tan8 and pr, (R) is given by pp( R) = (1 -k;' sin*e)1'2.
The integral develops quite easily into, da sin* Q, t/2 d0 = (Q,t/2)' (1 -k;2 sin* 8) 15O and at a =O" and 8= 5O, using a domain height of t = 1.1 pm.
Variations in the domain height can be taken into account in the same way. However it seems not possible to deduce the interval u and the t variation separately from the experimental results.
Domain width structure of the film
The structure of the domain widths is given by p(R) or S(Q) in eq. (4). To interpret the measured data in terms of physical quantities, we will try to find a mathematical expression for p(R) in terms of well defined parameters. After transformation of this p(R) to S(Q) the result will be compared with the measurements to find the optimal values of the parameters used in p(R).
In first approximation the perpendicular domains can be described as a stripe domain structure with a width 6 and a random orientation of the stripes in the yz plane. The magnetic scattering amplitude p(R) introduced in eq. 3.SX1dL n rn-' the scattering. In the discussion we will return to this point only qualitatively.
Measuring results
Fig. 5 gives iso-intensity plots for sample 1 (0 = O", 5' and lo"), sample 4 (t9 = 0") and of sample 5 (0 = 0 o and 10" ). These plots indicate very clearly the presence of anisotropic scattering with increasing angle 8 in all samples and also at B = 0 in sample 4. As qualitative conclusions are drawn from these figures only, the levels of the lines are of no importance and have been omitted.
The difference in anisotropy of the samples is striking and has been presented for the different t9 values as a function of the momentum transfer Q, in fig. 6 . For this purpose the measured data were analysed with the program ANCOSZ belonging to the Dll software packed, which splits the measured spectra according to 
Together with the experimental results the theoretical anisotropy of eq. (5) has been added in the figures with an adapted value of the domain height and without spread in the orientation 6 of the perpendicular domains. Fig. 7 shows the anisotropy in sample 4 for a number of 0 values together with a theoretical fit. The anisotropy in sample 4 already present in the 8 = 0 o measurement has been presented separately in fig. 8 together with the isotropic and anisotropic scattering. The symmetric scattering S,(Q) of the other samples has been presented in fig. 9 .
Discussion

Anisotropy
As shown in the previous section the anisotropy in the scattering at 8 unequal zero yields the a 0. 1.
2.
3. 4. 5. QX II/NM1 *lo3 section and shown in fig. 3 . These relative spreads are largest at low t9 values. From a rough comparison of the data in fig. 6 of sample 1 with the model expectation of the anisotropy in fig. 3 we conclude that an orientation spread of about 7" roughly explains the different A(Q,) curves at different 8 values.
The anisotropy of sample 4 is more complicated. At 8 = 0 o the anisotropy A(Q) varies nearly quadratically in Q from a value 0.5 for Q = 0 to 2.5 for Q = 3.0 X lo-* nm-! (see fig. 8 ). The anisotropy at small Q values is explained by a preferred direction of the perpendicular domain walls parallel to the y direction, which causes a preferential scattering of the domains in the z direction for Q values in the range 0.5-1.5 X lo-* nm-'. Above this Q range the anisotropy is larger than one, which means that a preferential scattering in the y direction occurs, which is most probably due to scattering from the "closure domains" in the initial layer which short circuit the magnetic flux of the perpendicular domains (see fig. 1 ). Because the latter have their domain walls mostly in the y direction, the magnetic fhtx for short circuiting is essential in the z direction. Magnetic scattering is perpendicular to the magnetization, therefore scattering in the y direction from these "closure" domains is expected. This picture is consistent with Kerr observations [4] and neutron depolarization results which also showed the existence of domain walls parallel to the xy-plane and to the magnetic field in the y-direction of the film plane [4, 5] .
Domain structure in the plane of the film
As shown in the theoretical section S(Q) itself gives information about the domain width in the plane of the film. From the maximum values of S(Q) for the different samples in fig. 9 the domain width in the plane is estimated to be of order W2Qmx = 0.2 pm for the samples 1, 2, 3 and 4 and 0.1 pm for sample 5. The diTfesence between l-4 and 5 can only be attributed to the difference in magnetic history (see table 1 ). The results suggest that by applying a magnetic field, the initial domain size of 0.1 ym grows more than a factor 2, an effect which cannot be cancelled anymore by demagnetization or magnetization in any direction.
The shape of the experimental S,(Q) qualitatively agrees with the simulation in fig. 4 , using a simple model for the perpendicualr domain structure.
The differences in maximum value of S(Q) for the samples do not agree with the ratio of the squares of the domain height as predicted by formula (4) .
Another interesting feature is found by considering the scattering results of sample 4 in fig. 8 . As discussed already in the previous section, the anisotropy exceeds 1 at some Q value, but in the scattered intensity, the anisotropic scattering expressed in B(Q) shows the opposite extreme values at Q, and Q2. The minimum at Q, agrees very well with the average domain width as found also in the maximum of S,(Q), which fits to the considerations in the previous section. The maximum in B(Q) at Q2 however occurs at a Q value which agrees very well with the Q value of the maximum of sample 5, which corresponds to the domain size of the initial domain structure without treatment. Because this second peak was attributed to "closure" domains in the initial layer, it may be concluded that the size of these "closure" domains is the same as the perpendicular domain size in the magnetically virginal film (sample 5).
Although the scattering on the initial layer is present in all the samples, only the anisotropy of sample 4 enables us to separate this scattering from the perpendicular domain scattering.
Conclusions
Small angle neutron scattering gives detailed information on the domain structure in thin films, especially when the angular dependence of the scattering in such mainly uniaxial domain structures is used. In particular, it appears possible to determine the mean magnetic domain sizes perpendicular to the film and in the plane of the film in two orthogonal directions. It also seems possible to determine the orientation variation of the perpendicular domains together with the variation in the domain heights. However these last two quantities cannot be determined separately from this kind of SANS experiments.
Perpendicular domain structures in thin films appear to be simple model systems for neutron scattering which can satisfactorily be described with a computer simulation.
